The fatty acid composition of Thermus spp., including T. aquaticus ATCC 25104, T. thermophilus DSM 579, T. flavus DSM 674, and seven wild strains was examined. Organisms were tested at a minimum of either 35, 40, or 45°C and at an optimum of 60 or 70°C. Total fatty acid content per dry weight of cells varied between 1.2 and 3.7%, and the quantity of fatty acids was higher at the high temperature range in the majority of strains. At the optimum temperature, strains could be assigned to three chemotaxonomic groups with reference to the ratio of iso C5:0Jiso C17:0* In six of the strains the ratio of iso C15:0/iso C17:0 remained unchanged at the minimum temperature, whereas in four strains the ratio was reversed. The proportion of the C15:0 and C17:0 isobranched acids was decreased and the proportion of anteisobranched fatty acids, namely anteiso Cls5:0 anteiso C17:0, and anteiso C17:1, was increased at the lower temperature range. Some changes were seen in the levels of the n-C16:0 and iso C16:0 acids, but these were strain specific.
The aim of the present study was to systematically elucidate the composition of the fatty acids of the membrane lipids of both reference and wild Thernus strains. An understanding of the ability of Thermus strains to maintain a fluid membrane at high growth temperatures is a prerequisite for the exploitation of thermostability for biotechnological applications. In contrast to earlier studies of Thennus strains, a larger selection of strains was studied over a wider temperature range. Recent data from our laboratories have shown that closely related microorganisms often have very different mechanisms of temperature adaptation (20, 21) , which is an important aspect of screening of suitable Thermus strains for research and development. The present study examined changes in fatty acids from C15 to C17, as contributions of acids below or above these chain lengths have been shown to be minimal (11, 12, 15 (21) . In addition to GLC, the identification of the acids was confirmed by using combined GLC-mass spectrometry. A Hewlett-Packard 5971 mass selective detector was employed. The conditions for GLC were as described above, with the exception of the column inlet pressure, which was 70 kPA. The electron energy was 70 eV, and the trap current was set at 300 ,uA. The temperature was 180°C for the ion source, and 135°C for the molecular separator. The identification was based on the fragmentation patterns described for methyl esters of fatty acids (17) . The patterns were also compared with fragmentation patterns of known standards.
Calculations. Absolute amounts of fatty acids were obtained by quantitation of chromatographic peaks against the area of the known standard. The proportion of total fatty acids was calculated with reference to the dry weight of the cultures.
RESULTS
Fatty acid content as a function of temperature. The fatty acids constituted between 1.7 and 3.7% of the total dry weight of cells at the optimum and between 1.2 and 3.2% at the lower temperature range ( (Table 1 ). In strains 333 and 28 the fatty acid content was lower at the higher temperature, although the difference in no. 28 was minimal.
Branching and unsaturation as a function of temperature. The major fatty acids identified by GLC and mass spectrometry were iso C15:0, 'So C16:0, 'so C17:0, anteiso C15:0, anteiso C17:0, and anteiso C17:1 acids ( Table 1 ). The n-C16.0 acid was present at a significant level only in ATCC 25104 and DSM 674. Furthermore, the contribution of the n-C15:0 and n-C16:1 acids was low and will thus not be considered in much detail.
The total proportion of branched-chain fatty acids showed little if any change with reference to temperature, and these acids constituted more than 90% of the acids in the majority of strains (Table 1 ). The only exceptions were T. aquaticus ATCC 25104 and T. fiavus DSM 674, in which the contributions of these acids were 84.6 and 90.6% at the optimum and 97.4 and 97.2% at the minimum, respectively. The contribution of the isobranched acids was higher than that of the anteiso acids in all strains regardless of temperature, with the exception of no. 333. A higher content of isobranching was correlated with the higher temperature. On the other hand, the total contribution of unsaturated fatty acids was higher at the lower temperature in all strains. This was mainly due to the appearance of anteiso C17:1, which was not detected at 70°C but was seen at all of the lower testing temperatures, including 60°C.
Ratio of iso C_5J0/iso C17:0. Examination of the iso C15:0/iso C17.0 ratio showed that this ratio provided a valuable tool for monitoring the fatty acid composition of Thermus strains. By using this technique, the data could be normalized with reference to the small differences in minimum and optimum testing temperatures. Three chemotaxonomic groups were formed at the optimum temperature. The first consisted of ATCC 25104, DSM 579, DSM 674, 69, E264, and 333. In these strains, the contribution of the 1so C17:0 acid was higher than that of the iso C15:0 acid ( 4 could be made on the basis of the significantly higher contribution of the iso C15:0.
Effect of temperature on individual fatty acids. Three patterns could be identified in the fatty acid profiles with respect totdifferences at the optimum and the minimum testing temperatures. These did not match the groups formed at the optimum. The first profile was characterized by a decrease in the level of the isobranched C15.0 and C17:0, in a manner which maintained the predominance of the more abundant peak. In strains ATCC 25104, DSM 579, DSM 674, and E264, 'so C17:0 continued to predominate over iso C15:0, and in 80 and E337 the iso C15:Jiso C17:0 remained in favor of the iso C15:0 (Table 1 ). The second profile was seen in strains 69 and 333, in which the ratio of iso C15:0/iso C17:0 was altered in a manner which increased the contribution of the iso C15:0. In strain no. 333 this was due to higher quantitative levels of iso C15:0 at 40°C than at 70°C coupled with a quantitative reduction in iso C17:0 (Table 2) . However, in strain no. 69 the levels of iso C15:0 and iso C17:0 were both lower at the low temperature range but the difference in the absolute level of iso C17:0 was greater. On the other hand, the levels of anteiso C17:0 were higher at the low temperature in all strains exhibiting the first and the second profile, but some differences were evident with respect to anteiso C15:0.
The proportion of this acid was higher at the low temperature in all of these strains except for DSM 579 (Table 1) , and the quantities of the acid were also higher at the lower temperature with the exception of DSM 579 and ATCC 25104 ( Table 2 ). The anteiso C17:1 acid was not detected in any of these strains at the optimum but was seen at all of the lower testing temperatures. At 45°C the contribution was 2.7% (ATCC 25104) and 2.2% (E264), and the highest relative amounts at 40°C were present in strains 80 (11.8%), 333 (7.7%), and E337 (6.6%). The lowest contribution was seen in DSM 674 (0.7%) ( Table 1 ). The third pattern was exhibited by strains 28 and 326, in which the iso C150,Jiso C17:0 ratio changed in favor of iso C17:0. This was due to a marked quantitative reduction in iso C15:0, which in no. 28 was coupled with a quantitative increase in iso C17:0 (Table   2 ). In these two red-pigmented strains the levels of anteiso C15:0 and anteiso C17:0 differed little between the optimum and minimum temperatures, but levels of anteiso C17:1 were temperature related. The acid was detected in both 28 (4.3%) and 326 (3.8%) when cells were grown at 60°C, and it was present at 35°C in markedly higher proportions, 28.5 and 21.7%, respectively (Table 1) .
Iso C16:0 and n-C16:0. The proportion of iso C16:0 was higher at 70°C than at the lower testing temperature in ATCC 25104, 80, 333, and E337 (Table 1) . Quantitatively, this difference was most pronounced in ATCC 25104 (Table 2) . On the other hand the proportion of this acid was lower at the higher temperature in the remaining six strains, but a marked quantitative difference was evident only in DSM 579, DSM 674, and no. 28 ( Table 2 ). The n-C16:0 contributed a significant proportion only in ATCC 25104 and DSM 674, and the quantitative as well as the relative contribution of the acid was higher at the high temperature range.
DISCUSSION
The total fatty acid content of T. aquaticus ATCC 25104 has been shown to increase when the growth temperature is raised from 50 to 75°C (15) . We are in partial agreement with these findings, as the fatty acid content was higher at the higher testing temperature in 8 of the 10 strains, including ATCC 25104. The total contribution of the branched fatty acids was not correlated with temperature, with the exception of T. aquaticus ATCC 25104 and T. flavus DSM 674, in which these acids contributed 12.8 and 6.6% less at the higher temperature. However, it was evident that the total contribution of the isobranched acids was higher at the higher temperature, which is in accord with findings of Oshima and Miyagawa (11) . In addition the percentage of unsaturated fatty acids was higher at the lower temperature, which is in accord with maintenance of membrane fluidity (5, 16 (8) . These strains were distinctly red pigmented and failed to grow at 70°C.
The fatty acid profiles of the Thermus strains used in this study with change in temperature were, however, independent of the taxonomic grouping. Three profiles were seen, and will be discussed with reference to decrease in temperature. However, it is to be emphasized that the present study included testing only at the minimum and the optimum growth temperatures. Suutari and Laakso (20) (9, 10) . On the other hand, the behavior of strains 28 and 326 would contradict such a hypothesis. In these organisms the level of iso C15:0 was lower at the lower temperature, and in particular strain 28 increased the level of iso C17:0 in addition to anteiso C17:1. The lipid profile of these strains and the changes seen with temperature thus are well correlated with findings from DNA:DNA hybridization studies on Icelandic isolates of T. ruber, which indicate considerable differences between the type strain of T. aquaticus and wild strains of T. ruber (18) .
Levels of the iso C16:0 and n-C16:0 have been reported to increase with increase in temperature in T. aquaticus (15) . We are in partial agreement with these findings, as the iso C16:0 levels were higher in ATCC 25104, 80, 333, and E337 and the n-C16:0 levels were higher in ATCC 25104 and DSM 674. Increased levels of these acids at higher temperatures has been suggested to be due to the higher melting points of 62.4°C (iso C16:0) and 63.1°C (C16:0) (15, 22) . However, we found that six strains, including T. thermophilus DSM 579 and T. flavus DSM 674, had a higher contribution of iso C16:0 at the lower temperature. These results are in accord with findings of Oshima and Miyagawa (11) , who showed that as temperature was decreased T. thermophilus increased the proportions of iso C16:0. Thus the data with reference to the C16 acids appear to be strain and species specific.
We conclude that the 10 Thermus strains that were studied could be separated into three chemotaxonomic groups based on the iso C15:Jiso C17:0 ratio. In addition, control of membrane fluidity appeared to be related to melting points of fatty acids, and three patterns were seen with respect to the fatty acid profiles at the optimum and minimum testing temperatures. These were characterized by the ratio of iso C15:0/iso C17:0 and differences in contributions of anteiso C15:0, anteiso C17:0, and anteiso C17:1. 
